BACKGROUND: Lumbar intrathecal injection of oxytocin produces antinociception in rats and analgesia in humans. Classically, oxytocin receptors couple to stimulatory G proteins, increase inositol-3-phosphate production, and result in neuronal excitation. Most work to date has focused on a spinal site of oxytocin to excite ␥-aminobutyric acid interneurons to produce analgesia. Here we ask whether oxytocin might also affect primary sensory afferents by modulating high voltage-gated calcium channels, such as it does in the brain. METHODS: Dorsal root ganglion cells from adult rats were acutely dissociated and cultured, and changes in intracellular calcium determined by fluorescent microscopy using an indicator dye. The effects of oxytocin alone and in the presence of transient depolarization from increased extracellular KCl concentration were determined, and the pharmacology of these effects were studied. Cells from injured dorsal root ganglion cells after spinal nerve ligation were also studied. RESULTS: Oxytocin produced a concentration-dependent inhibition of the increase in intracellular calcium from membrane depolarization, an effect blocked more efficiently by oxytocin-than vasopressin-receptor selective antagonists. Oxytocin-induced inhibition was present in cells responding to capsaicin, and when internal stores of calcium were depleted with thapsigargin. Oxytocin produced similar inhibition in cells from animals with spinal nerve ligation. CONCLUSIONS: These data suggest that oxytocin produces antinociception after intrathecal delivery in part by reducing excitatory neurotransmitter release from the central terminals of
O xytocin, a neuropeptide mainly synthesized in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) of the hypothalamus, exerts diverse effects across the life cycle from actions within and outside the central nervous system. 1 A role for oxytocin in analgesia and antihypersensitivity has been demonstrated and is postulated to reflect actions primarily within the spinal cord. Oxytocin-containing PVN neurons project to the superficial and deep dorsal horn of the spinal cord, [2] [3] [4] and are activated by stress and pain, including that of obstetric labor. 5 PVN stimulation temporarily reverses second-order spinal neuronal 6, 7 and behavioral 8 hypersensitivity from nerve injury in a manner reversed by oxytocin receptor antagonists. These effects are mimicked by intrathecal injection of oxytocin itself 8, 9 and intrathecal oxytocin transiently reversed chronic low back pain in 970 men and women in a report from China. 10 Thus, spinally released oxytocin would be expected to relieve acute and chronic pain.
Most previous work has focused on excitatory actions of oxytocin on ␥-amino-butyric acid (GABA)-containing spinal neurons to produce analgesia. Oxytocin receptors classically couple to Gq and enhance inositol-3-phosphate (IP3) signaling, leading to increased intracellular Ca 2ϩ and neuronal excitation. 11 Electrophysiologic and behavioral studies of dorsal horn neurons suggest that oxytocin inhibits sensory neurotransmission between primary afferents and dorsal horn neurons by modulating glutamate release 12 by direct postsynaptic inhibition of neurons receiving afferent input, 13, 14 and by enhancing GABA release from spinal interneurons. [15] [16] [17] A less explored target for spinal oxytocin analgesia is an action on central terminals of primary afferents. Only one study has examined the effects of oxytocin on primary sensitive afferents, and showed that excitatory adenosine triphosphate-activated currents (present only on a subset of nociceptors) were acutely reduced by oxytocin. 18 In the SON, oxytocin inhibits glutamate release by modulating high voltage-gated Ca 2ϩ channels, especially N-type channels, 19 and it is conceivable that oxytocin could, by a similar mechanism, reduce nociceptive afferent input into the spinal cord. We hypothesized that oxytocin would affect primary sensory afferent excitability, as reflected in changes in membrane depolarization-induced increases in intracellular Ca 2ϩ . We first used a population-based approach to determine what proportion of small diameter afferents were affected by oxytocin, then determined the pharmacology of its action. Additionally, since transient receptor potential vanilloid (TRPV)-1 expressing nociceptors are considered important in many pain states, 20 we tested whether this subset of primary sensory afferents was differentially affected by oxytocin. Finally, because peripheral nerve injury, which can lead to neuropathic pain, affects intracellular Ca 2ϩ regulation, 21, 22 we compared the action of oxytocin on primary sensory afferents from normal animals and injured afferents from those with spinal nerve ligation (SNL), a model of neuropathic pain.
METHODS Animals
Male Sprague-Dawley rats (Harlan Industries, Indianapolis, IN), weighing 200 to 250 g, were used in this study. All the experiments were approved by Animal Care and Use Committee at Wake Forest University (Winston Salem, NC). Animals were housed under a 12-hour light/dark cycle, and food and water were available ad libitum.
Spinal Nerve Ligation (SNL)
L5 to 6 SNL was performed as previously described. 23 In brief, animals were anesthetized with 2%-3% isoflurane in oxygen, and the right L5 and L6 spinal nerves were isolated and tightly ligated with 5 to 0 silk sutures. After surgery, animals were allowed to recover for 2 weeks. Allodynia was confirmed 2 weeks after SNL surgery by measuring withdrawal threshold to the hindpaw in response to application of von Frey filaments. Only animals with a withdrawal threshold Ͻ4 g were used in this study.
Cell Dissociation
Animals were deeply anesthetized and killed by decapitation. Dorsal root ganglion (DRG) cells were acutely dissociated as previously described. 24 In brief, bilateral L4, L5, and L6 DRGs in normal animals or L5 and L6 DRGs ipsilateral to SNL in nerve-injured animals were collected in cold Hanks' balanced salt solution (Lonza, Walkersville, MD). After mincing into small pieces, tissues were incubated in 0.25% collagenase (Sigma-Aldrich, St. Louis, MO) in Ham's F12 medium (Gibco, Carlsbad, CA) at 37°C for 60 minutes, with gentle agitation at 10-minute intervals. Tissue were transferred to a Hanks' balanced salt solution, centrifuged at 500ϫ G for 3 minutes, and mechanically dissociated with flame-polished pipette in this solution. The tissues were then centrifuged at 500ϫ G for 3 minutes again, and the resulting pellet was resuspended with Dulbecco's Modified Eagle Medium (Gibco BRL, Invitrogen Corp., Carlsbad, CA), containing 1% HEPES, 10% heat-inactivated fetal bovine serum (Fisher Scientific USA), and 100 U/mL penicillin with 100 mg/mL streptomycin (Gibco BRL, Invitrogen Corp.). Cells were plated onto 0.02% poly-l-lysine (Sigma-Aldrich)-coated glass coverslips and kept at 37°C, 5% CO 2 atmosphere. Satellite cells are not present in this culture. All experiments were performed within 12 to 24 hours after preparation.
Ca 2؉ Videomicroscopy
Ca 2ϩ videomicroscopy was performed in small-and medium-size (Ͻ36 m diameter) DRG neurons as previously described. 24, 25 Cells were incubated with 3 M Fura-2 am and 0.01% Pluronic F-127 (Molecular Probes, Eugene, OR) for 60 minutes at room temperature. After washing with normal buffer solution (mM:140 NaCl, 4 KCl, 2 CaCl 2 , 1.2 MgSO 4 , 10 glucose, and 10 HEPES, pH 7.4), cells were placed in a dark environment at room temperature for 10 to 20 minutes. Coverslips were then mounted on a chamber equipped with a perfusion system (ALA-VM8, ALA Scientific Instruments, New York, NY), which perfused locally and totally covered the recording area and was viewed through an inverted microscope. Fura-2 fluorescence was recorded at 510 nm during alternating excitation at 340 and 380 nm at 1 Hz using a monochromater (PTI Deltascan, Photon Technology International, South Brunswick, NJ). Regions of interest were defined on a computer connected to a CCD camera, and ratio of emission at 510 nm from excitation at 340 and 380 was analyzed. High KCL buffer solution (mM: 119 NaCl, 25 KCl, 2 CaCl 2 , 1.2 MgSO 4 , 10 glucose, and 10 HEPES) was applied for 30 seconds 3 times, separated by a 10-minute period of perfusion with normal buffer alone or containing test drugs. Only cells with a resting 340/380 fluorescence ratio of 0.55 to 0.90 and a signal-to-noise ratio from the second train of potassium stimulation of Ն3.0 were included.
Drugs and Treatment Groups
To determine the effect of oxytocin on intracellular Ca 2ϩ response to KCl-induced depolarization, we added oxytocin (0, 10, 100, and 1000 nM; Sigma) to all buffers beginning 5 minutes before the third stimulus with 25 mM KCl. To determine the receptor acted upon by oxytocin, the oxytocin receptor antagonist, atosiban alone (1-deamino-2D-Tyr (O-ethyl)-4-Thr-8-Orn-oxytocin; 10 to 1000 nM, Tocris Bioscience, Ellisville, MO) or combined with 100 M oxytocin was studied. To determine the receptors upon which oxytocin acts, we performed similar experiments with the oxytocin receptor selective antagonist, desGly-NH2d(CH2)5[d-Tyr2,Thr4]OVT and the arginine vasopressin (AVP)-V1a receptor selective antagonist, d(CH2)5[Tyr(me) 2]AVP, 10 and 100 nM (kindly supplied by Dr. Maurice Manning, University of Toledo, Toledo, OH). To determine the role of internal Ca 2ϩ stores, we added thapsigargin (5 M; Sigma) to all buffers beginning 12 to 15 minutes before the second stimulus with 25 mM KCl. Finally, to determine the effect of oxytocin on capsaicin-sensitive DRG cells, at the end of the study, capsaicin (Sigma; 100 M) was added in some experiments. Capsaicin-sensitive cells were defined as those responding to capsaicin with an increase in Fura-2 fluorescence ratio Ͼ2 SD of that from the second KCl response.
Data Analysis
Data are presented as the ratio of emission of Fura-2 loaded cells at 510 nm from excitation at 340 nm divided by excitation at 380 nm (I 340/380). We did not permeabilize cells to determine the maximum and minimum I 340/380 in these experiments, and so could not calculate estimated intracellular Ca 2ϩ concentrations. From previous validation work, typically baseline I 340/380 values in the current set of studies (0.75) represent an approximate intracellular Ca 2ϩ concentration of 100 nM. I 340/380 values were normally distributed and are presented as mean Ϯ SD. The proportion of responding cells was similar between dishes and cultures, and an average of 3.6 cells per field were included in analysis, with an average yield of 2.3 coverslips per culture (animal). All groups contained data from a minimum of 8 animals.
Data for each recording were reduced as previously described. 24, 25 In brief, 3 baselines and 3 responses to high KCl stimulation were calculated ( Fig. 1A) . Each baseline consisted of the average of 30 seconds of recordings ending 20 seconds before high KCl stimulation, each stimulation consisted of the average of 60 seconds of recording beginning at the time high KCl solution was started, and the net effect of KCl was calculated as their difference. We also recorded the maximum value during stimulation. To compare effects of drug infusion in the absence of high KCl stimulation, we subtracted the third baseline (obtained in the presence of drug) from the second baseline (obtained in the absence of drug), and treatment groups compared for this difference using an analysis of variance (ANOVA) on ranks followed by Dunn's test or, for 2 groups only, for Mann-Whitney rank sum test.
To compare the effect of drug infusion on response to high KCl stimulation, 2 analyses were performed. For the primary analysis, the net effect of the third KCl stimulation (in the presence of drug) was divided by the net effect of the second KCl stimulation (in the absence of drug).
Treatment groups were compared for this ratio using an ANOVA on ranks followed by Dunn's test or, for 2 groups only, for Mann-Whitney rank sum test. For the secondary analysis, we calculated the 2.5th percentile of this ratio in vehicle-treated groups and considered any cell with a ratio below this value after treatment to have been inhibited. Groups were compared in this secondary analysis using 2 analysis. P Ͻ 0.05 was considered significant.
RESULTS

Effect of Oxytocin and Atosiban on KCl-Evoked Ca 2؉ Response in Dorsal Root Ganglion Neurons
Cells perfused with buffer alone showed reproducible baselines in intracellular Ca 2ϩ concentration, as reflected by I 340/380 in FURA2 loaded cells of approximately 0.75, and reproducible responses to high KCl stimulation ( Fig. 1A) .
Oxytocin produced 2 concentration-dependent effects: a very minor increase in intracellular Ca 2ϩ concentration in normal KCl concentration buffer ( Fig. 1B ; H ϭ 47; P Ͻ 0.001), and a pronounced decrease in rise of Ca 2ϩ concentration in response to high KCl (Fig. 1C ; H ϭ 203; P Ͻ 0.001). There was no significant correlation between the degree of increase and the degree of inhibition of Ca 2ϩ concentration. The increase in I 340/340 from oxytocin in normal KCl concentration buffer was significant only with the 2 highest concentrations of oxytocin, 100 nM and 1000 nM ( Fig. 1B ; Q ϭ 83 and 96, respectively; P Ͻ 0.001) and was small, likely reflecting an approximate change in intracellular Ca 2ϩ of 5 to 6 nM. Oxytocin-induced inhibition of response to high KCl was, in contrast, large and significant at all concentrations (Fig. 1C ; Q ϭ 6.4, 11, and 15 for 10, 100, and 1000 nM oxytocin, respectively, all P Ͻ 0.05). Similar results were obtained with the peak response because with this primary analysis, the average response was over 60 seconds from KCl (data not shown). There was no significant correlation between the small excitatory effect and the large inhibitory effect of oxytocin at any concentration (Pearson product moment, P Ͼ 0.05). In a secondary analysis we calculated the proportion of cells inhibited by oxytocin, as defined by a response to the third KCl stimulus compared to the second below the 2.5th percentile in buffer-treated controls. As shown in Figure 2 , oxytocin produced a concentration-dependent increase in the proportion and extent of cells inhibited ( 2 ϭ 14, 81, and 167 for 10, 100, and 1000 nM oxytocin, respectively, all P Ͻ 0.001).
The oxytocin receptor-preferring antagonist atosiban produced a concentration-dependent blockade of the 100 nM oxytocin-induced small increase in intracellular Ca 2ϩ , first present at 100 nM atosiban ( Fig. 3A ; H ϭ 12.49; P ϭ 0.006) and the oxytocin-induced reduction in response to KCl, first present at 10 nM atosiban ( Fig. 3B ; H ϭ 53.26; P Ͻ 0.001). Similarly, the proportion of cells meeting the criterion for inhibition from 100 nM oxytocin (47%) was reduced to 10% when coadministered with 100 nM atosiban ( 2 ϭ 16.9; P Ͻ 0.001). Both an oxytocin receptor selective antagonist and an AVP-V1a receptor selective antagonist reduced excitatory (H ϭ 20.42; P Ͻ 0.001, and H ϭ 7.2; P ϭ 0.027, respectively) and inhibitory (H ϭ 43.9; P Ͻ 0.001, and H ϭ 11.4; P ϭ 0.003, respectively) actions of oxytocin. Only the oxytocin receptor selective antagonist produced a block at 10 nM, and it produced a greater degree of block at 100 nM than the AVP-V1a receptor selective antagonist (Fig. 3,  A and B) . None of the antagonists alone affected resting I 340/380 or on the response to KCl (n ϭ 5; data not shown). A majority of small diameter neurons in this preparation respond to the TRPV1 receptor agonist, capsaicin, 25 and are presumed nociceptors, so we tested the effect of oxytocin on 21 capsaicin-sensitive cells. In comparison with the general population of cells in this preparation, a similar proportion of capsaicin-sensitive neurons met the criterion for inhibition by 100 nM oxytocin (47% overall, 43% in capsaicin-sensitive cells), and the reduction in response to KCl was a similar magnitude (38% Ϯ 44% inhibition overall, 35% Ϯ 23% inhibition in capsaicin-sensitive cells).
Role of Internal Ca 2؉ Stores in Oxytocin Actions in DRG Neurons
Thapsigargin, which acutely depletes Ca 2ϩ stores, induced a transient increase in I 340/380, which returned to the baseline level within 10 minutes (Fig. 4A) , but had no effect on subsequent KCl depolarization (Fig. 4B ). This increase in I 340/380 was over 5-fold more than that induced by oxytocin. Oxytocin's small excitatory effect was blocked in cells treated with thapsigargin ( Fig. 4B ; T ϭ 3.6; P Ͻ 0.001), whereas its inhibition of KCl-induced depolarization was unaffected ( Fig. 4B ; T ϭ 359; P ϭ 0.29).
Effect of Nerve Injury on Oxytocin Actions in DRG Neurons
As previously observed, 25 DRG neurons from L5 ipsilateral to L5 SNL had similar resting Fura-2 fluorescent ratios, but a smaller response to KCl stimulation (Fig. 5A) . The excitatory effect of oxytocin, 100 nM, was absent in cells ipsilateral to SNL ligation, and significantly different than cells from normal animals (Fig. 5, B and C; t ϭ 2266; P Ͻ 0.001). In contrast, the inhibitory effect of oxytocin, 100 nM on KCl-induced change in Fura-2 fluorescence, was similar in cells ipsilateral to SNL ligation and cells from normal animals (Fig. 5 , B and C; t ϭ 1.65; P ϭ 0.10).
DISCUSSION
Oxytocin is released from the central nervous system to the systemic circulation where it induces uterine contractions, protects the fetal brain during delivery, and facilitates lactation 1, 26 and, within the central nervous system, regulates disparate behavior in both sexes across the life cycle, 1 including analgesia. 10 The current study adds to our understanding by demonstrating a mechanism for oxytocin to produce analgesia by actions on the peripheral nervous system via inhibition of responses in primary sensory afferents.
Oxytocin produces antinociception and reduces hypersensitivity in models of nerve injury primarily by actions in the spinal cord. Initial studies have focused on oxytocininduced inhibition of sensory neurotransmission indirectly via excitation of inhibitory GABA interneurons in the Oxytocin Inhibits Sensory Afferents spinal cord as a potential cellular site for oxytocin analgesia [15] [16] [17] or by direct inhibition of spinal cord neurons, which receive sensory information. [12] [13] [14] Potential actions on primary sensory afferents have been largely ignored, because systemically administered oxytocin (which cannot re-enter the central nervous system 27 ) fails to produce antinociception in rats 28 or to produce analgesia in women in labor. Nonetheless, oxytocin could target central terminals of primary sensory afferents for analgesia, analogous to opioids, which produce minor analgesic effects at peripheral sites but profound analgesia when given intrathecally, primarily by actions at this target. 29 Only one previous study examined the action of oxytocin on primary sensory afferents observed inhibition to response to adenosine triphosphate, a stimulator of a subset of nociceptors. 18 The current study extends these observations by demonstrating oxytocin-dependent inhibition in a majority of small diameter neurons in vitro with an enriched population of nociceptors. 25 Oxytocin produced 2 effects in these small-diameter afferent cell bodies, a small increase in intracellular Ca 2ϩ and a large inhibition of KCl depolarization-induced increase in intracellular Ca 2ϩ concentration. The former is consistent with the known action of oxytocin to stimulate, via IP3 generation, release of Ca 2ϩ from intracellular stores. Consistent with such an action, thapsigargin, which acutely depletes intracellular Ca 2ϩ stores, prevented this minor increase in intracellular Ca 2ϩ from oxytocin. In contrast, internal Ca 2ϩ stores are not essential to the increase in intracellular Ca 2ϩ observed with KCl-induced depolarization, because this increase was not blocked by thapsigargin and because thapsigargin inhibition of oxytocin-induced increase in intracellular Ca 2ϩ did not prevent the inhibition by oxytocin of the intracellular Ca 2ϩ response to KCl. It is unlikely that the small increase in intracellular Ca 2ϩ after oxytocin was causally related to oxytocin-induced inhibition of intracellular increases in Ca 2ϩ from depolarization, because the 2 were not correlated in individual cells and because 2 manipulations (thapsigargin and SNL surgery) completely blocked the small excitatory effect without change in the inhibitory effect.
Systemically administered oxytocin produces antinociception in mice by an action mediated by AVP-V1a receptors, although the very high doses required in that study could have led to acute hypertension, which produces analgesia. 30 The receptors by which oxytocin slightly increased intracellular Ca 2ϩ and more dramatically reduced depolarization-induced intracellular Ca 2ϩ increases are not fully identified by this study, because oxytocin can stimulate both oxytocin and vasopressin receptors. Atosiban, an oxytocin-receptor preferring antagonist, produced a concentration-dependent blockade of both phenomena in a concentration range consistent with an action on oxytocin receptors. Similarly, the results of studies examining blockade of oxytocin's effects, although largely consistent with an action on oxytocin receptors, cannot exclude a small contribution by AVP-V1a receptors, because high concentrations of a selective antagonist for that receptor partially inhibited the effects of oxytocin. Taken together, however, the current data support a primary engagement of oxytocin receptors in the actions of oxytocin on primary sensory afferents. In addition, oxytocin modulates high voltagegated Ca 2ϩ channels, primarily of the N-type, to reduce presynaptic glutamate release in the SON, 19 and we speculate that a similar mechanism could be responsible for oxytocin's inhibitory effects in small diameter primary sensory afferents. Future electrophysiologic studies could directly test this hypothesis.
The large majority of DRG neurons in this preparation are presumed nociceptors, because they either express calcitonin gene-related peptide or isolectin B4 and/or respond to the TRPV1 agonist, capsaicin. 25, 31 A similar proportion of cells responding to TRPV1 were inhibited by oxytocin as in the general cell population in this preparation in the current study, consistent with an inhibitory action of oxytocin on nociceptors.
Whether oxytocin produces analgesia to acute painful stimuli or is selectively active in reducing spontaneous pain or hypersensitivity in chronic pain states is unclear. Some electrophysiologic studies suggest a selective dampening action of nociceptive sensory input in the spinal cord by oxytocin only after peripheral nerve injury, 6 yet other similar work by the same laboratory 15 and others 17 found antinociceptive effects of intrathecal oxytocin in normal rats. In humans, intrathecal oxytocin has been reported to relieve both acute and chronic low back pain. 10 In the current study, oxytocin produced similar inhibition in primary sensory afferent neurons ipsilateral to SNL injury as in normal rats, consistent with an antihypersensitivity effect of intrathecal oxytocin in animals and humans that reflects, in part, actions on primary sensory afferents.
We confirmed in the current study that the KCl-induced increase in intracellular Ca 2ϩ is less in primary sensory afferent neurons ipsilateral to SNL injury than in normal animals, most likely reflecting reduced Ca 2ϩ stores and/or voltage-gated Ca 2ϩ currents. 21, 22, 25, 32 Similar mechanisms could have resulted in the lack of the small excitatory effect of oxytocin in cells from SNL animals.
In conclusion, oxytocin produces a concentrationdependent inhibition of KCl depolarization-induced increase in intracellular Ca 2ϩ in rat small-diameter primary sensory afferent neurons, including TRPV1-expressing nociceptors. This action most likely reflects stimulation of oxytocin receptors because it is reversed by the selective oxytocin receptor antagonist, atosiban. A small increase in intracellular Ca 2ϩ induced by oxytocin most likely represents release from intracellular Ca 2ϩ stores but is not essential to this inhibition. Oxytocin-induced inhibition occurs in normal primary sensory afferents and in injured afferents after a surgical model of chronic neuropathic pain, consistent with analgesia observed in humans by intrathecal oxytocin to treat both acute and chronic pain. These results suggest that spinally released oxytocin or intrathecally administered oxytocin may produce analgesia in part by actions on primary sensory afferents, including nociceptors.
